Background: Critical illness-related corticosteroid insufficiency (CIRCI) and adrenocorticotropic hormone (ACTH)-cortisol dissociation are hormonal conditions frequently observed in patients in the intensive care unit (ICU). The aim of this study was to evaluate the association between ACTH-cortisol dissociation and clinical outcomes of critically ill patients. Methods: We retrospectively reviewed the medical records of 94 ICU patients who underwent two rapid cosyntropin tests during hospital admission and compared the clinical aspects of patients with and without ACTH-cortisol dissociation. ACTH-cortisol dissociation was defined as plasma ACTH and serum cortisol concentrations of < 22 pmol/L and > 600 nmol/L, respectively. Results: Dissociation was present in 30 of the 94 patients (31.9%). Patients with ACTH-cortisol dissociation in the initial test had significantly higher hospital mortality rate than those in the control group (55% vs. 25.7%, P = 0.013) There was no difference in hospital mortality between patients classified as having CIRCI and those who were not. In multivariate adjusted Cox regression analysis, the mortality risk was higher in the group with ACTH-cortisol dissociation (hazard ratio, 2.98; 95% confidence interval, 1.34 to 6.63; P = 0.007). Patients with dissociation in two consecutive stimulation tests showed the highest hospital mortality rate among groups classified according to stimulation test results (100% vs. 31.3%). Conclusions: The hospital mortality was higher in ICU patients diagnosed with ACTH-cortisol dissociation. It is clinically feasible to evaluate the presence of ACTH-cortisol dissociation by analyzing rapid ACTH stimulation test results in critically ill patients.
INTRODUCTION
In 2017, a multispecialty task force of the Society of Critical Care Medicine (SCCM) and the European Society of Intensive Care Medicine (ESICM) defined the term "critical illness-related corticosteroid insufficiency (CIRCI). " CIRCI refers to the dysregulation of the hypothalamic-pituitary-adrenal axis, altered cortisol metabolism, and peripheral tissue resistance to glucocorticoids. Although the cortisol level is elevated due to decreased cortisol clearance, the target tissue resistance to cortisol is caused by inadequate glucocorticoid receptor alpha activity [1] . The SCCM and ESICM task force in 2017 also proposed that the following conditions may be used as the diagnostic criteria for CIRCI [2] : a delta cortisol (change in baseline cortisol at 60 minutes) of < 9 μg/dl after cosyntropin (250 μg) stimulation and a random plasma cortisol of < 10 μg/dl.
Previous studies have reported a CIRCI prevalence of 30%-70% in critically ill patients [3] [4] [5] . CIRCI in these patients is accompanied by elevated levels of inflammatory markers and coagulopathy and is associated with prolonged intensive care unit (ICU) stay and higher ICU mortality [2] . Although the patients in previous studies were heterogeneous and the CIRCI diagnostic criteria were not unified, the clinical outcomes of critically ill patients with inadequate cortical response were worse than those in patients with an adequate response [3, [5] [6] [7] . A low random plasma cortisol level could be considered indicative of CIRCI, but the association between cortisol level and clinical outcome was not consistent in previous studies [8] [9] [10] .
Adrenocorticotropic hormone (ACTH)-cortisol dissociation refers to elevated cortisol levels and low ACTH levels. A decrease in cortisol clearance leads to a decrease in ACTH due to negative inhibitory feedback, which may occur in the chronic phase among critically ill patients. ACTH-cortisol dissociation has been reported in ICU patients [11] ; however, to our knowledge, no study has assessed whether it predicts the clinical outcome of critically ill patients as an indicator of abnormal adrenocortical response, such as CIRCI. We attempted to identify changes in the appearance of adrenocortical dissociation and CIRCI in patients who underwent more than one ACTH stimulation test. Therefore, we investigated whether ACTH-cortisol dissociation can predict clinical outcomes in critically ill patients and evaluated the dynamic correlation between two consecutive rapid ACTH stimulation tests.
MATERIALS AND METHODS

Study Population and Cosyntropin Stimulation Test
We retrospectively analyzed the medical information of patients admitted the ICUs of a tertiary university hospital between 2006 and 2018. These ICUs included surgical, medical, and emergency ICUs. The study included 104 critically ill patients who underwent two rapid cosyntropin stimulation tests during hospitalization, all of whom underwent the first test during ICU admission. Cosyntropin stimulation test was performed in patients with suspected relative adrenal insufficiency (RAI). Since there are no definite diagnostic criteria for RAI, stimulation test was performed when the clinician suspected the disease. Usually the affected patients had clinical signs such as hyponatremia or refractory shock, fever or general weakness. The test was conducted in the following method. Basal ACTH and cortisol levels were measured by collecting the blood sample of the patient before the injection of cosyntropin. The blood used for ACTH measurement was collected in a pre-chilled lithium-heparin tube and carried in an ice box for minimizing degradation of ACTH. The patient was injected intravenously with 250 μg of tetracosactrin (Synacthen). After 30 and 60 minutes after the injection of the drug, the patient's blood sample was collected separately and the cortisol level was measured.
Data Collection and Processing
Demographic data including age, sex, and body mass index were collected. The clinical variables included comorbidities, vital signs at the time of admission to the ICU, and blood test results. The severity of patient illness was assessed by Acute Physiology and Chronic Health Evaluation (APACHE) II score on the first day of ICU admission based on vital signs and laboratory results. The management in the ICU included invasive mechanical ventilation (MV), continuous renal replacement therapy (CRRT), and use of vasoactive agents. We also investigated the presence of septic shock and bacteremia at the time of the cosyntropin stimulation test and whether the patient had acquired a nosocomial infection during their ICU stay. Information was collected to determine if there was a history of steroid use and whether the patient received etomidate before ICU admission. The clinical outcomes of the patients included 30-day ICU mortality, ICU mortality, in-hospital mortality, ICU length of stay (LOS), and hospital LOS. This study was approved by the Institutional Review Board of Seoul National University Hospital (IRB No. 1802-006-918) and patient consent was waived with retrospective design of the study.
Adrenocortical dissociation refers to a condition in which the ACTH concentration is decreased while the cortisol concentration is increased. There remains no consensus regarding the cutoff value to define this condition; therefore, the definition of adrenocortical dissociation used in the present study was an ACTH concentration of <22 pmol/L (100 pg/ml), 25th percentile and cortisol concentration >600 nmol/L (21.75 μg/dl), 75th percentile of total population. We compared the clinical outcomes of patients who were evaluated as having adrenocortical dissociation and patients without dissociation in the first cosyntropin stimulation test.
KEY MESSAGES
■ Adrenocortical dissociation in critically ill patients was related to the worse clinical outcome. tients, seven with current steroid replacement therapy, one with a previous diagnosis of adrenal insufficiency, and two patients who underwent the test on the same day were excluded. Finally, 94 critically-ill patients were included in the analysis (Figure 1 ). Table 1 shows the baseline and clinical characteristics of these 94 patients. Their mean age was 64.6 ± 16.1 years and 33% were female. The mean APACHE II score was 25.0 ± 8.3 and 53.2% of the patients had septic shock. Among 87 total patients requiring MV, 19.5% of patients (n = 17) were administered etomidate during rapid sequence intubation, and 80.5% (n = 70) cases used midazolam during the intubation procedure. During ICU admission, 92.6% of the patients required invasive MV and 30.9% received CRRT. Patients with hypertension showed higher hospital mortality (17.2% vs. 53.3%, P < 0.001) and patients who received CRRT also showed higher mortality (23.4% vs. 46.7%, P = 0.023). 
Patient Baseline and Clinical Characteristics
Adrenocortical Responses of Study Population in Cosyntropin Stimulation Tests
We also compared the rapid ACTH stimulation test results of survivors and non-survivors. There was no significant difference in ACTH and cortisol basal levels between the two groups when comparing the first test. However, in the second test, the baseline cortisol level and the cortisol level after 30 minutes for the non-survivor group were statistically significantly higher. Similar results were obtained when comparing cortisol levels after correcting for serum albumin levels ( Table 2 ).
Effect of ACTH-Cortisol Dissociation on Clinical Outcomes
We compared the clinical outcome between patients with and without ACTH cortisol dissociation in first stimulation test, as shown in Table 3 . The dissociation and no-dissociation groups had similar demographic and clinical characteristics (Supplementary Table 1 ), the overall hospital mortality was 31.9% and the ICU mortality rate was 14.9% (14/94, data not shown). The hospital mortality rates were 55% and 25.7% in the dissociation and control groups, respectively. The mortality rate was higher in the dissociation group compared to the 28-day mortality rate only in patients who underwent two tests within 28 days. There was no difference in hospital LOS between the two groups although the mean value of the dissociation group was lower. The 90-day mortality rate in patients who underwent two cosyntropin tests within 90 days was also higher in the dissociation group and consistent with the analysis of patients who underwent two cosyntropin tests during the ICU period (Table 3) . These results were consistent in patients without etomidate (Supplementary Table 2 ).
We also compared the clinical outcomes of the CIRCI group defined by the 2017 SCCM/ESICM criteria but found no statistically significant difference. The outcomes were similar between patients with decreased and increased cortical response in the second test (Supplementary Table 3 ). KaplanMeier time series analysis showed a higher mortality rate in the dissociation group than that in the control group (P = 0.009, log-rank test) (Figure 2) . A Cox regression univariate analysis of factors determining hospital mortality revealed that ACTH-cortisol dissociation was associated with higher hospital mortality. Furthermore, ACTH-cortisol dissociation was significantly associated with higher hospital mortality in multivariate analysis adjusted for age, sex, presence of cancer, APACHE II score, hypertension and medical history of malignancy (Table 4) .
Differences in Clinical Outcomes According to Changes in ACTH-Cortisol Dissociation in Cosyntropin Stimulation Tests
To analyze the effect of ACTH-cortisol dissociation on clinical prognosis, we divided the patients into four groups. The first group consisted of patients without ACTH-cortisol dissociation in both tests, the second group showed dissociations in both tests, the third group showed dissociation in the first test only, and the fourth group showed dissociation in only the second test. Three patients had ACTH-cortisol dissociation in both cosyntropin stimulation tests (group 2); they comprised 3.2% of the total patient population and had 100% hospital mortality. Fifteen patients showed dissociation in the only first test (group 3) and had a hospital mortality rate of 53.3%. The patients with dissociation in the second test (group 4), had a 44.4% in-hospital mortality. Groups 1, 3, and 4 had an overall hospital mortality rate of 31.3%. The hospital mortality rate of patients without dissociation in two tests was the lowest, at 24.2%. These differences between groups were similar for 90-day and ICU mortality (Table 5) .
DISCUSSION
The present study investigated the relationship between adrenocortical dissociation and hospital mortality in critically ill patients. Adrenocortical dissociation, defined as the combined condition of increased cortisol and suppressed ACTH levels, was associated with increased in-hospital mortality. Every participant in this study underwent two separate cosyntropin stimulation tests during hospitalization and patients with adrenocortical dissociation at least one of the two tests showed worse clinical outcome than those in patients without dissociation in both tests. The association between dissociation and hospital mortality was consistent across time-series and multivariate analyses. In addition, the non-survivor group had an increased basal cortisol level in the second stimulation test. This dissociation occurred during critical illness and was sustained for more than 1 week [12] . We demonstrated that dissociation, reflecting a prolonged stress response, associated with the prognosis of critically ill patients. Previous reports on Korean ICUs have reported a RAI rate of 70.6% among septic shock patients [9] and 43.9% among critically ill patients [5] . These earlier studies defined RAI as an increase in serum cortisol level of less than 9 μg/dl from the baseline after the injection of 250 μg cosyntropin [5, 9] . The frequency of adrenocortical dissociation in the present study was 21.3%. In addition, the proportions of patients diagnosed with CIRCI according to the SCCM/ESICM criteria were as follows: cortisol increase less than 9 μg/dl after stimulation was 53.2% with and 16.0% with less than 10 μg/dl random serum cortisol level. The frequencies of adrenal dysfunction such as RAI, CIRCI, and dissociation vary according to the diagnostic criteria. These findings suggest the usefulness of the assessment of adrenal dysfunction in critically ill patients.
Some limitations should be considered in interpreting the results of this study. The first is the inherent nature of its retrospective design. Second, there was heterogeneity in the patient population. This study included patients without septic shock. We also analyzed patients who entered the medical, surgical, and emergency ICUs. Third, compared to previous studies on the effect of RAI or CIRCI on the prognosis of critically ill patients [5, 9, 13, 14] , the patients included in this study stayed in the ICU for an average of 30 days or longer. Forth, because of the nature of the retrospective study, the detailed use of various medications including steroids were not assessed. Finally, we defined adrenocortical dissociation as the 25th percentile of ACTH and 75th percentile of cortisol in this study population, but these cutoff values require validation in a prospective large-scale study.
The strength of this study was its analysis of the dynamic correlations in patients who underwent two stimulation tests. We assessed changes in two tests and, unlike previous studies, did not find any difference in ICU survival or LOS [13] . To our knowledge, this is the first study to compare the clinical outcome of patients diagnosed with CIRCI using the suggested cutoff value of SCCM/ESICM 2017 guideline. There was no significant difference in the clinical prognosis of patients with CIRCI. Adrenocortical dissociation showed a worse outcome; therefore, the ACTH level should also be considered in the clinical interpretation of cosyntropin stimulation test results. In addition, these results can be universally applied to critically ill patients and compared to previous studies in homogeneous patient groups such as those with septic shock, cardiogenic shock, and trauma. It is unclear whether steroid replacement is effective in patients with adrenocortical dissociation. Steroid resistance in the peripheral tissue may contribute to the increased cortisol level in patients with dissociation, and supplementation of additional systemic steroids in these cases may have consequences. Only 40% of patients with adrenocortical dissociation underwent steroid replacement and there was no significant difference in in-hospital mortality between dissociation patients who did and did not receive systemic steroids (62.5% vs. 50.0%, P = 0.670). Although there was no significant difference in mortality, it is possible that steroid replacement may have affected the prognosis of these patients.
In conclusion, the results of our retrospective cohort study showed an increased hospital mortality among patients with adreno-cortical dissociation defined as an elevated basal cortisol level and suppressed ACTH level. Although the patients with ACTH-cortisol dissociation in rapid ACTH stimulation tests is associated with poor outcome in our study, validation in a multicenter prospective study is required to confirm these findings of ACTH-cortisol dissociation. 
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